This study was designed to investigate the mechanism of endothelin-1 (ET-1) contractions in Staphylococcus a-toxin-permeabilized vascular smooth muscle. Rabbit small mesenteric arteries permeabilized with ar-toxin were mounted for isometric or isotonic force recording or were processed for determination of myosin light chain (MLC) phosphorylation levels. Addition of 100 nM ET-1 plus 10 ,uM GTP significantly enhanced myofilament Ca2' sensitivity as compared with the addition of Ca2' alone (EC50, 0.47 jgM Ca2' for Ca2' alone and 0.13 ,uM Ca2' for ET-1 plus GTP). This enhanced sensitivity was reversed by GDPf3S. ET-1-induced contractions were relaxed at a constant [Ca2"] by the addition of 30 ,uM cAMP or cGMP, demonstrating a direct effect of the cyclic nucleotides on contractile regulation.
sensitivity * protein kinase C * endothelin * vascular smooth muscle E ndothelin-1 (ET-1) is a potent naturally occurring vasoconstrictor, which was first isolated by Yanagisawa et a1l from cultured porcine endothelial cells. Since this initial discovery, ET-1 has been shown to stimulate contraction of many smooth muscle tissues.2 Moreover, ET-1 is now known to be only one of a family of peptides, including endothelin-2, endothelin-3, and the sarafotoxins.3 Contraction of smooth muscle in response to ET-1 was originally proposed to be mediated by calcium influx through voltage-dependent calcium channels.4 Subsequent studies have shown that the calcium source is tissue and species specific, because ET-1-induced contractions can be supported by calcium influx through dihydropyridine-sensitive or -insensitive calcium channels or by inositol 1,4,5- trisphosphate-triggered release of intracellular calcium, depending on the smooth muscle cell studied. 2, 3 Regardless of the source of calcium, a primary step in the initiation of a smooth muscle contraction is phosphorylation of the 20-kd myosin light chain (MLC) catalyzed by the Ca2'-and calmodulin-dependent MLC kinase, which is widely believed to be the primary regulator of smooth muscle contraction. 5 Morgan and Morgan6 were the first to demonstrate another type of regulation. These investigators showed that the Ca21 sensitivity of contraction is increased during agonist activation of vascular smooth muscle as compared with membrane depolarization by KCl. The phenomenon of Ca21 sensitization has since been shown to occur in numerous intact smooth muscle tissues in response to a variety of agonists.7 Of particular importance to this study was the work of Karaki and coworkers8 who demonstrated that ET-1 stimulation of smooth muscle significantly increased the Ca21 sensitivity of contraction.
Although the simultaneous measurement of force and intracellular [Ca 2+ ] in intact smooth muscle has provided important information concerning agonist-induced changes in Ca2' sensitivity, it was not until the development of the Staphylococcus a-toxin-permeabilized preparation that the intracellular mechanisms involved could be examined. Nishimura et a19 first demonstrated that a-toxin-permeabilized vascular smooth muscle retained receptor-and G protein-dependent activation systems. Agonist activation of the a-toxin-permeabilized tissue, in the presence of GTP, was shown to significantly enhance myofilament Ca2' sensitivity. This was corroborated by Kitazawa et a110 in both vascular and nonvascular smooth muscle. Permeabilization of smooth muscle with a-toxin offers distinct advantages over detergent or glycerol techniques. In the a-toxin-permeabilized preparation, endogenous proteins are retained at physiological concentrations, although the ionic content of the intracellular space can be manipulated by changing the bathing medium. Another advantage of the a-toxin-permeabilized preparations is the maintenance of receptor-linked signal transduction systems.
The goal of this study was to use the a-toxinpermeabilized small mesenteric artery to examine the mechanism(s) involved in the ET-1-induced increase in myofilament Ca2' sensitivity. The dependence of this enhanced Ca2' sensitivity on G proteins and the possible role of protein kinase C as a mediator of the enhancement were investigated in this study. We also examined the effect of cyclic nucleotides as modulators of a contraction in response to ET-1. In addition, the crossbridge parameters of stiffness, maximal shortening velocity, and MLC phosphorylation were determined during ET-1-induced contractions and during contractions in response to Ca2' alone.
Materials and Methods
Adult male New Zealand White rabbits (2-2.5 kg) were killed by CO2 inhalation with subsequent exsanguination. The Force recordings were obtained from small rings (250-300 ,um in width) mounted in an 0.8-ml volume chamber by means of two tungsten wires passed through the lumen of the ring; one wire was attached to the chamber, and the other was attached to a force transducer (U gage, Sinko Co., Ltd., Tokyo) mounted on a micromanipulator (model US1, Narashige, Tokyo). The tissue was stretched to a resting force that resulted in maximal active force development in response to 145 mM KCl-PSS (equimolar substitution for NaCl). The solution bathing the tissue was changed by the addition of 5 ml of a new solution to one end of the chamber while aspirating the overflow by a vacuum pump at the other end. The longitudinal axis of the tissue ring was in parallel with the direction of the flow of solution to ensure maximal luminal perfusion. Maximal contraction of the intact tissue ring was evoked by the addition of 10 ,uM norepinephrine in 145 mM KCl-PSS.
Mechanical measurements were obtained from small helical strips (2.5-4.5 mm in length, 20-80 ,ug wet weight) of the mesenteric arteries. Nearly circumferential strips were obtained to optimize cellular orientation. The tissues were mounted by means of small tweezers, one of which was connected to a force transducer and the other to a motor in an apparatus designed by Dr. Konrad Guth, Wissenschaftliche Gerate, Heidelberg. The estimation of maximal velocity of shortening (VO) was performed by isotonic quick releases to afterloads ranging from 0.1 to 0.5 times the force at the instant of the release. The change in length between 1 and 2 seconds of isotonic release was used to estimate shortening velocity at a single afterload. Isotonic shortening velocity from at least five different releases to various afterloads was used to estimate VO.11 The estimation of tissue stiffness was performed by imposing a 500-Hz sine wave length change (0.05% tissue length for optimal active force development [Lo] ) and measuring the resultant change in force with respect to length. The servo lever was interfaced to a microcomputer for the initiation of experimental protocols, collection of data, and data analysis (software was written by Dr. Konrad Guth and modified by Dr. Steven Petrou, University of Massachusetts Medical School, Worcester, Mass.).
Permeabilization of the mesenteric tissues was performed as previously described.9 Briefly, the tissues were exposed to 10 mM ATP for approximately 30 minutes, which resulted in a phasic contraction and desensitization of the purinergic receptors. All subsequent solutions contained a minimum of 1 mM ATP to maintain purinergic receptor desensitization. The tissues were exposed for 45 minutes to calcium-free PSS containing 10 gM norepinephrine, 10 Calmodulin and creatine kinase were not included in any solution. The 1,000-d exclusion size of the pores formed by the a-toxin ensures endogenous physiological concentrations of both proteins in the permeabilized preparations.
MLC phosphorylation levels were determined on long (=10 mm) strips of the mesenteric arteries. The strips were treated exactly as those used for force and mechanical determinations except they were not mounted. Previous studies using both intact and Triton X-100 detergent-skinned fibers of swine carotid artery have shown that load has no effect on MLC phosphorylation levels.12'3 After permeabilization and equilibration, the tissues were exposed to an appropriate activation solution for 20 minutes, at which time they were rapidly frozen in a dry ice-acetone slurry containing 6% trichloroacetic acid. The tissues were slowly thawed to room temperature and then transferred to a vial containing 50 ,ul of a homogenization solution previously frozen in liquid nitrogen and composed of 1% sodium dodecyl sulfate, 10% glycerol, and 20 mM dithiothreitol. The vial, containing tissue, solution, and a small stainless-steel ball, was cooled in liquid nitrogen and then placed in a dental amalgamator (Wig-A-Bug, Crescent Dental Manufacturing, Lyons, Ill.) for homogenization of the tissue. After homogenization, the vial was allowed to reach 4°C, and the contents were transferred to a storage tube. The vial was rinsed with 50 ,ul homogenization solution, which was added to the storage tube and then stored at -80°C. Within 1 week of homogenization, the samples were thawed and subjected to two-dimensional electrophoresis as described previously.1"12 After electrophoresis, the separated proteins were subjected to high field intensity Western The results shown in Figures 1 and 2 demonstrate that a combination of ET-1 plus GTP significantly enhances myofilament Ca2+ sensitivity. The mechanism for this receptor-coupled sensitization is unknown. To investigate the possible involvement of protein kinase C in the ET-1 plus GTP-induced increase in Ca 2 sensitivity, we used the relatively specific protein kinase C inhibitors staurosporine ( Figure 3 ) and chelerythrine ( Figure 4 ). Staurosporine (100 nM) had no significant effect on steady-state force maintenance in response to 0.5 ,uM Ca2' alone. Under conditions of similar force development, staurosporine produced a significant relaxation of strips contracted with ET-1 plus GTP (lower [Ca2] than for Ca2' alone). Because nonspecific effects of staurosporine could account for the relaxation of force in response to ET-1 plus GTP, another protein kinase C inhibitor. chelerythrine, was tested. Figure 4 shows that pretreatment of the a-toxin-permeabilized -_L,T 100 nM staurosporne 100 nM ET-1 plus 10 iM GTP 0.18±MCa2 10pM Ca+ FIGURE 3. Tracings showing the effect of staurosporine in a-toxin-permeabilized rabbit mesenteric arteries contracted by 0.5 ,uM Ca 2+ alone (panel A) or 0.18 ,M Ca 2+ plus 100 nM endothelin-1 (ET-i) plus 10 ,uM GTP (panel B). The addition of staurosporine to contractions of similar magnitude produced relaxation in the case of the ET-1-plus GTP-induced force but had no effect on the force induced by Ca 2+ alone. These tracings are representative of at least three experiments.
ET-1 plus GTP produced approximately 90% of maximal force in the absence of chelerythrine at this [Ca+] , as shown in Figure 2 . The relaxation by staurosporine of force in response to ET-1 plus GTP but not in response to Ca2' alone and the inhibition by chelerythrine of the increase in force by ET-1 plus GTP suggest the possible involvement of protein kinase C in the agonist-induced increase in myofilament Ca2' sensitivity. However, another staurosporine-and chelerythrine-sensitive mechanism cannot be completely ruled out.
The MLC kinase/phosphatase system is known to be a primary component of contractile regulation as well as crossbridge kinetics in smooth muscle.5 Figure 5 Activation of a-toxin-permeabilized vascular smooth muscle has been previously shown to be modulated by cyclic nucleotides.17 Figure 6 shows representative tracings from experiments designed to examine the potential modulatory role of cAMP and cGMP in contractions in response to ET-1 plus GTP. The addition of 30 ,uM cAMP or cGMP resulted in a significant relaxation of the contraction in response to 0.18 ,uM Ca2+ plus ET-1 plus GTP. The relatively high concentrations of cAMP and cGMP required to induce relaxation may be due in part to the activity of cyclic nucleotide phospho- diesterases. This suggestion is supported by the tracing in Figure 7 showing that 10-fold lower concentrations of the nonhydrolyzable 8 The conclusion that ET-1 increases Ca'4 sensitivity through a G protein-dependent process is based, in part, on the finding that the response to ET-1 is significantly augmented by the addition of GTP. ET-1 alone induced some increase in Ca'4 sensitivity, most likely in conjunction with endogenous GTP remaining in the artery after permeabilization. This conclusion is supported by the demonstration that, on repeated norepinephrine stimulation of a-toxin-permeabilized fibers in the absence of exogenous GTP, the enhancement of force declines as a function of the number of contraction-relaxation cycles (authors' unpublished observations). The mandatory role of G proteins is also suggested by the finding that activation by either ET-1 alone or by ET-1 plus GTP was reversed by GDP,fS. Similar GDPB3S-induced relaxation of adrenergic-and cholinergic-stimulated force has been observed in several a-toxin-permeabilized smooth muscles.9'020 The magnitude of the ET-1-induced increase in the Ca'2 sensitivity of force is similar to that previously demonstrated after norepinephrine activation of a-toxin-permeabilized rabbit mesenteric arteries. 19 Overall, the similarities between the ET-1 and norepinephrine contractions of a-toxin-permeabilized fibers suggest related transduction pathways, although our results do not specifically address this question. However, Takuwa et a121 have reported that the ET-1 receptor is coupled to a pertussis toxin-insensitive G protein, whereas Boonen and De Mey22 have reported that the norepinephrine receptor is coupled to a pertussis toxin-sensitive G protein (but compare with Reference 23). At the present, it is not possible to rule out that ET-1 and norepinephrine activate different G proteins and different signal transduction systems and that this activation results in similar increases in myofilament Ca 2 sensitivity.
As has been previously reported for Ca2-and phorbol ester-induced contractions,17 the ET-1-induced force was also relaxed by cyclic nucleotides, suggesting a cyclic nucleotide-dependent desensitization of the myofilaments. Ozaki et a124 have recently corroborated this finding in canine gastric smooth muscle. These investigators demonstrated that cAMP (3-300 ,uM) relaxed a-toxin-permeabilized gastric smooth muscle at a constant intracellular [Ca21] . Although it is generally accepted that in intact fibers cAMP acts primarily by lowering intracellular [Ca 2+],25 the relaxations recorded in a-toxin-permeabilized fibers were not accompanied by changes in cytosolic [Ca2] because of the presence of 10 mM EGTA and the Ca24 ionophore ionomycin. The rather high concentrations of cAMP and cGMP required to induce relaxation in our study, although consistent with our previous results17 and those of Ozaki et al,24 may have been due to the fact that exogenously applied cyclic nucleotides were rapidly broken down by endogenous phosphodiesterases. In support of this possibility is our finding that 10-fold lower concentrations of 8-bromo-cAMP and 8-bromo-cGMP were equally effective in relaxing the ET-1-contracted fibers. The physiological relevance of the observed downregulation of myofilament Ca sensitivity by cAMP and cGMP requires further study.
The precise mechanism(s) by which the ET-1 activa- Several other groups have also suggested an important role for protein kinase C in ET-1-induced contractions. Griendling et al28 demonstrated that ET-1 stimulation of cultured rat aortic smooth muscle cells was associated with a large increase in diacylglycerol and activation of protein kinase C. Ohlstein et a129 showed that 100 nM staurosporine inhibited ET-1-induced contractions of intact rabbit thoracic aorta in response to ET-1, analogous to the results in our study using permeabilized rabbit arteries. ET 
